Experimental studies on the fabrication of sub-30-nm nanofibers using two-photon initiated photopolymerization ͑TPP͒ have been carried out. To generate nanofibers at the interior region of microstructures, a photopolymerization method involving a long laser-exposure technique ͑LET͒ is proposed. A multitude of nanofibers with a notably high resolution ͑about 22 nm͒ in TPP were produced using the LET. Furthermore, it is also demonstrated that thin interconnecting networks were created regularly in a weakly polymerized region existing around the boundary of a densely polymerized voxel, allowing for the creation of various embossing patterns. By controlling the distance between adjacent voxels or lines, a selective generation of nanofibers in a local area is possible, which leads to the fabrication of high-functional filters and mixers. Embossing patterns and microchannels including nanofibers inside were fabricated by the LET so as to demonstrate the practical feasibility of this approach. These sub-30-nm nanofibers may find meaningful applications such as biofilters, mixers, and photon emitters in diverse research fields. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2363956͔ Direct laser nanofabrication based on two-photon initiated polymerization ͑TPP͒ has paved the way for the creation of real three-dimensional ͑3D͒ microstructures through the accumulation of two-dimensional layers. To date, this process has found numerous potential applications including mechanical/optical microdevices, 3D microchannels, and numerous other practical uses involving various materials and techniques. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Given the trend of current research, it is evident that the use of TPP will expand into diverse research fields. As such, TPP will be an important nanofabricating technology in the near future. Although TPP is a promising technology, uniquely offering intrinsic capability of 3D fabrication, its lateral spatial resolution of close to 100 nm falls short of that afforded by some competitive nanofabrication processes including electron-beam lithography, nanoimprint lithography, and focused ion-beam lithography.
Direct laser nanofabrication based on two-photon initiated polymerization ͑TPP͒ has paved the way for the creation of real three-dimensional ͑3D͒ microstructures through the accumulation of two-dimensional layers. To date, this process has found numerous potential applications including mechanical/optical microdevices, 3D microchannels, and numerous other practical uses involving various materials and techniques. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Given the trend of current research, it is evident that the use of TPP will expand into diverse research fields. As such, TPP will be an important nanofabricating technology in the near future. Although TPP is a promising technology, uniquely offering intrinsic capability of 3D fabrication, its lateral spatial resolution of close to 100 nm falls short of that afforded by some competitive nanofabrication processes including electron-beam lithography, nanoimprint lithography, and focused ion-beam lithography. 14 With the goal of improving the resolution, efforts have been put forth using a radical quencher 15 and a secondary thinning process. 12 However, the task of attaining finer resolution using TPP presents a considerable challenge, and thus far there have been no reports on the realization of ultrafine resolution of less than 30 nm using TPP. To overcome this resolution deficit, in the present study we attempt to fabricate nanostructures with a sub-30-nm resolution using a weakly polymerized region in photopolymerization.
The weakly polymerized region existing around densely polymerized patterns has not attracted significant interest to date in TPP; on the contrary, this region has been considered as an obstacle for fine patterning. Here, we have utilized this region to fabricate nanofibers, and the potential value of this region is discussed. For the creation of weakly polymerized regions, a photopolymerization method utilizing a long laserexposure technique ͑LET͒ was introduced. To date, most research related to TPP has focused on minimizing laser dose close to the threshold energy of photopolymerization for the creation of much smaller voxels. Hence, a short laserexposure technique ͑SET͒, within a duration of nearly 1 ms per voxel, has been commonly employed in previous works.
1 -15 However, LET offers a unique feature in comparison with SET. In LET, the single-step creation of various microstructures containing nanofibers is possible by utilizing the weakly polymerized region.
In order to comprehend explicitly the generation of the weakly polymerized region in TPP, it is necessary to be able to discern between a densely polymerized region and its surroundings during TPP. The radicals originating from photoinitiators via two-photon absorption ͑TPA͒ are of interest in the TPP process. The radicals react with oligomers or monomers to produce long polymer chains by chain reactions. A very short duration, approximately 10 −6 s, is required for the threshold time of polymerization. However, beyond the threshold exposure time, voxels, which are formed at a certain initial size around the maximum light intensity in a focal spot, grow with a gradually increased degree of photopolymerization depending on the exposure duration. 6 After polymerization, the densely polymerized region and its surroundings are not clearly distinguished as two states, solid state and liquid state, especially when LET is used. Three different regions are obtained after long exposure, as illustrated in Fig.  1͑b͒ : ͑i͒ a densely polymerized region with high molecular weight ͑solid state͒, ͑ii͒ a weakly polymerized region with low molecular weight ͑solid-liquid mixed state͒, and ͑iii͒ an unpolymerized region ͑liquid state͒. After the fabrication of patterns by TPP, the regions of ͑ii͒ and ͑iii͒ are generally eliminated by a rinsing material in the developing process.
The key differences between the SET and LET are illustrated schematically in Figs. 1͑a͒ and 1͑b͒. When a focused beam is exposed for a duration of less than several milliseconds by SET, a visible voxel is formed at a certain size ͑d f s ͒. This voxel consists of a densely polymerized region ͑d DP s ͒ and a very narrow surrounding region of entangled monomer radicals existing in a weakly polymerized region; the monomer radicals are combined to an active body ͓solid state in Fig. 1͑a͔͒ . In this case, the visible size of the voxels after rinsing ͑d f s ͒ is nearly identical to d DP s . Therefore, the narrow, weakly polymerized region is not important and is generally disregarded in SET. When the exposure time is sufficiently long, i.e., more than several tens of milliseconds per voxel, the densely polymerized region ͑d DP l ͒ is gradually enlarged by the addition of monomer radicals existing in the weakly polymerized region into active dangling ends on the surface of the active solid-state bodies ͓see Fig. 1͑b͔͒ . This is the basic mechanism of voxel growth in accordance with exposure time. The final size of the voxel after a rinsing process ͑d f l ͒ is larger than the d f s of short exposure. Figure 2͑a͒ shows the variation of lateral size of voxels with LET from 10 ms to 6 s per voxel with laser powers of 60, 90, 120, and 150 mW, respectively. The lateral size of the voxel increases steeply up to 1 s exposure, and then increases with a gentle slope until 6 s exposure. The two-photon curable resin used in this work was a mixture of SCR500 ͑JSR͒ and photosensitizers ͑0.1 wt % ͒; for effective TPA, a homemade two-photon chromophore ͑BOPF-TP͒ was used. Its chemical formula is C 81 H 80 N 2 O 2 ͓see inset of Fig. 2͑a͔͒ , and it consists of 4,4Ј-͑1E,1ЈE͒-2.2Ј-͑9,9-bis͑4-͑octyloxy͒phenyl͒-9H-flourene-2,7-diyl͒bis͑ethene-2,1-diyl͒bis͑N , N-diphenylaniline͒. Ultraviolet absorption and emission wavelengths of the chromophore are 411 and 459 nm, respectively.
The weakly polymerized region expands increasingly during long exposure via the diffusion of radicals; this region is very important in the LET process. The density distribution of the monomer radicals in the weakly polymerized region is determined by the intensity of an incident beam. The weakly polymerized region can be completely removed or partially preserved according to the state of distributed monomer radicals in the developing process. This phenomenon allows the creation of various shaped patterns and nanofibers according to fabrication conditions. In Figs. 2͑c͒ and 2͑d͒, scanning electron microscopy ͑SEM͒ images of multilevel embossing patterns created in a single step are shown. According to the interval between adjacent voxels, one-and two-directional networked patterns were fabricated under 90 mW laser power and 50 ms exposure. When the central distance between voxels ͓D in the inset of Fig. 2͑c͔͒ was smaller than a critical value, thin coupled networks were generated in the weakly polymerized region ͓see Fig. 2͑c͔͒ . The critical distance ͑D c ͒ was known as 700 nm in the fabrication condition ͓see Fig. 2͑b͔͒ . Specifically, the lowdensity short-chained polymers in the weakly polymerized region were transformed to highly dense, high-weight polymers by the reiterated exposure of the laser beam. In other words, the long-chained polymers in the double-exposure region are not easily eliminated in the developing process due to their improved mechanical strength. When the distance ͑D͒ was adequately reduced, the coupling line became thicker and finally merged into the densely polymerized region, as shown in the inset of Fig. 2͑d͒ . When D is smaller than the critical value, nanofibers are generated in the weakly polymerized region; however, if D is much larger than the critical value ͑D c ͒, the coupling networks do not appear after the rinsing process. These embossing patterns could be ap- plicable to diverse applications including hydrophobic surfaces, cell cultivating vessels, optical diffusers, and twodimensional photonic crystals. In order to fabricate a microchannel housing numerous nanofibers, we first attempted to determine the optimal distance between both sides of the channel. Similar to the method described above for creating embossing patterns, weakly polymerized regions are formed around the densely polymerized line patterns via LET. When both sides of the line patterns were close enough that the weakly polymerized regions overlapped, numerous ultrafine nanofibers of less than 30 nm in diameter appeared throughout the overlapped region. Interestingly, the distance between the patterns determines whether the nanofibers are created. Figure 3 shows the dependence of nanofibers on the distance ͑L cent ͒ under a laser power of 90 mW and 50 ms; L cent were 900, 770, 670, and 620 nm, respectively, from 1 to 4. In the case of L cent = 900 nm ͓1 in Fig. 3͑a͔͒ , nanofibers were not generated because there was no overlapped region as a result of the large L cent . Otherwise, in the closest case of L cent = 620 nm ͓4 in Fig. 3͑a͔͒ , valuable nanofibers were not achieved due to the smaller L cent relative to the critical value; in this case, the weakly polymerized region became completely densely polymerized. From these results, it is clearly demonstrated that L cent is the most important factor in the creation of nanofibers via photopolymerization with LET. Figure 3͑b͒ shows relatively well-grown nanofibers attained by optimal control of the distance, L cent ; most nanofibers were less than 30 nm in diameter ͑w d ͒, and the minimum size was about 22 nm. In this case, the optimal value of L cent was roughly 750 nm, and the gap ͑L in ͒ between the lines was about 320 nm. Also, the dimension of L in could be controlled by the exposure laser dose. Specifically, variation of L in was achieved in a range of 270-320 nm with varying laser power from 60 to 120 mW at a fixed exposure time of 30 ms. Meanwhile, the challenging task of attaining a uniform nanofiber distribution is left to future work. However, the selective and local generation of nanofibers in the inside of the channels is possible by control of L cent . This could be applicable to local filtering or mixing. In order to assess the practical feasibility of this method, a microchannel including local nanofibers was fabricated ͓see Fig. 3͑c͔͒ . A cover was intentionally not fabricated in order to afford observation of the inside wall of the channel. These microchannels could find potential uses as micromixers and microfilters in bioapplications.
In summary, we demonstrated the fabrication of embossing patterns and microchannels containing numerous nanofibers with a resolution of less than 30 nm using photopolymerization via LET. For the creation of embossing patterns and nanofibers, the weakly polymerized region existing around the densely polymerized region was utilized. Nanofibers were generated in overlapped weakly polymerized regions via the cohesion of short-chained polymers. Thus, by simple control of the gap between adjacent voxels or lines, various pattern shapes for specific uses could be created, and the selective generation of nanofibers is possible. Although in terms of practical applications some hurdles and limitations remain, a resolution of less than 30 nm, the smallest resolution to date in two-photon induced photopolymerization, has been achieved using the proposed method. These nanofibers are expected to be applicable to diverse areas such as the fabrication of nanofilters and nanomixers.
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